Objective: The aim of this study was to evaluate the color stability of two resin-based composites photo-activated by two light curing units (LCU) with different irradiances. immersion. CIEDE2000 color difference (DE 00 ) and whiteness index for dentistry (WI D ) were calculated. Data was analyzed by two-way ANOVA and Tukey's test (a 5 0.05%).
| I NTR OD U CTI ON
Resin-based composites (RC) have been widely used in dentistry. The minimal tooth preparation and their ability to bond to dental structures are two main advantages for their use. Despite the continual evolution of this material, one disadvantage is the significant discoloration after placed in the oral environment, which is one of the characteristics to replace direct restorations. 1, 2 This discoloration is generally produced by the adsorption of staining agents or the degradation of the superficial layer of RC. 3 Thus, this process depends on factors such as the monomer quality and the filler type. 4 Currently, the most commonly used direct restorative materials are microhybrid and nanofilled composites. The latter presents improvements in optical properties and surface smoothness. Properties such as final surface roughness and gloss
were not significantly different between both materials. 5 However, differences in the color stability between these materials has not been established.
The color stability of RC depends of intrinsic and extrinsic factors. The former is influenced by physical and chemical properties, and water sorption can be one of the most important of them. 4 However, the color stability is also directly related to the components of RC, such as, initiators, inhibitor agents, filler types, and monomers. 6, 7 Nevertheless, one of the most important factors is the degree of conversion (DC) of the material, which depends on photo-activation process. Currently, the light-emitting diodes (LEDs) units represent the most common light-curing units (LCU) used in clinical practice. 4 There is a relationship between intensity of light irradiance and exposition time (the amount of energy delivered during light-activation)
with the degree of conversion of RC. Conversely, extrinsic factors, such as food components and beverages can produce perceptible discolorations. 6, 7 The purpose of the present study was to evaluate the color stability of two dental RC light-activated by two LCU with different irradiances and after immersion in different staining beverages. Therefore, this study tested the following hypotheses: the color stability of RC after immersion in different beverages is influenced by (1) the composite type; and (2) the irradiance used for light curing.
| M AT ER I AL A N D M E TH ODS

| Sample preparation
The color stability of two dental resin composites (RC), a nanocomposite and a nanohybrid composite (shade A1E), were evaluated in this study (Table 1) . Disc-shaped specimens (12 mm in diameter and 2 mm in thickness) of RC (N 5 100) were fabricated using a white polytetrafluoroethylene mold. RC were inserted into the mold and condensed between two glass slides to provide uniformity of samples surfaces 2, 8 and to avoid oxygen inhibition. The specimens (n 5 50) were light- 
| Beverage immersion procedures
The beverages used in the present study are listed in Table 2 . Specimens (n 5 5) were immersed in the different beverages during 12 days.
Each beverage was changed every day. Coffee was used to standardize the beverage immersion time. A previous study 4 reported that the coffee cup consumption per day is 3.2 and the average time consumption is 15 minutes (48 minutes per day). Thus, one month of immersion is equivalent to 1440 minutes (24 hours). Therefore, specimens were immersed in coffee for 12 days, which is equivalent to 1 year of coffee 
| Color measurements
Color coordinates, L* (lightness axis), a* (red-green axis), b* (yellow-blue axis), and C* (chroma) were obtained using a dental spectrophotometer 
| Whiteness index for dentistry
The whiteness index for Dentistry (WI D ), which is based on CIELAB 
| Color differences
CIEDE2000 color difference (DE 00 ) metric was used according to the following equation 11, 12 :
where DL 0 , DC 0 , and DH 0 are the differences in corresponding parameter (lightness, chroma, and hue, respectively) for a pair of specimens using CIEDE2000. The weighting functions (S L , S C , and S H ) adjust the total color difference for variation in the location of the color differ-
parametric factors (K L , K C ; and K H ) were used as correction terms.
Finally, R T (a rotation function) accounts for the interaction between chroma and hue differences in blue region. 11, 12 To calculate the CIEDE2000 color difference metric, discontinuities due to mean hue computation and hue-difference computation were taken into account. 13 For the present study, the parametric factors K L 5 1, K C 5 1, and K H 5 1 (for lightness, chroma and hue, respectively) were considered. Color differences were finally evaluated through comparisons with 50:50% perceptibility (PT) and 50:50% acceptability (AT) thresholds. The PT (0.81 units) and AT (1.77 units)
values for CIEDE2000 (1:1:1) were obtained from a recent study. 14 
| Statistical analysis
The color parameters L*, C*, WI D , and DE 00 were compared. Two-way analysis of variance was used to evaluate significances for the factors composite type and light irradiance. Tukey test was used to identify the differences between groups. A global significance level of 95% was applied.
| R ESU L TS
| Influence of composite type
Regardless of the LCU used (VA or RA), in most cases, groups from composite FZ showed greater or similar mean L* and WI D values and lower or similar mean C* values than groups from composite ED (Table 3) .
Only when groups were light-activated by VA and after immersion in BT, composite ED showed greater mean L* and WI D values than composite FZ (p .05). In addition, the use of RA and after immersion in RW and the use of VA and after immersion in CF, showed greater mean C* values for composite FZ than composite ED (p .05) ( Table 3) .
Regardless of the LCU used (VA or RA), all groups from composite FZ showed lower or similar mean DE 00 values than groups from composite ED (Table 4) .
| Influence of light irradiation
Regardless of the composite analyzed (FZ or ED), in most cases, groups light-activated by VA showed greater or similar mean L* and WI D values and lower or similar mean C* values than groups light-activated by RA ( 
| DI SCUS SION
The present study was designed to provide answers regarding color changes of resin-based composites photo-activated by LCU with different irradiance and after immersion in different beverages. Although CIELAB color difference metric (DE Ã ab ) is the most commonly used in dentistry, CIELAB color space assumes equal weight for all color coordinates. 15 Previous studies 16, 17 suggested that mean observers have a discrepancy on sensitivity to different color coordinates. Due to this limitation, CIEDE2000 color difference metric (DE 00 ) 12 was developed.
Recent studies 15, [18] [19] [20] that compared both metrics have demonstrated that DE 00 presented a better correlation with visual perception than DE Ã ab . Therefore, the present study used DE 00 to evaluate color stability of RC.
The visual perception and acceptation of color difference is very important. Thus, the present study analyzed the results using perceptibility (PT) and acceptability (AT) thresholds, which were recently published 14 and accepted by ISO. 21 Visual thresholds (PT and AT) greatly supplement traditional statistics in color research.
14 DE 00 shows color differences between two samples but do not indicate which value, before or after treatment (staining, aging or bleaching) is whiter or darker. Thus, a recent published whiteness index (WI D ), 10 which is based on CIELAB color coordinates, was also used to evaluate color stability of RC. The advantage of this index is that higher showed a strong correlation to visual perception of tooth whiteness. 10 The outcomes of this study showed that the nanofilled composite, before beverages immersion, provided higher L* and WI D values as well as lower C* values when were light-activated with a high irradiance LCU (Table 3 ). The variation of the composition from different composites may explain the initial differences in color parameters of the materials evaluated. 24 Even after immersion in different beverages, the WI D values were higher for the nanofilled composite (Table 3) .
Nanofilled composites have been developed to provide higher surface smoothness and gloss, properties that influence on the final appearance of the restorations. 5 One classification of RC is made by filler particle size and size distribution. 25 When filler loading increases, water sorption decreases.
Absorbed water softens the resin and makes it more prone to abrasive wear and staining. The RC used in the present study have different filler loading (Table 1) . Therefore, the higher filler loading of FZ can be a reason to present better color stability.
Properties of RC are influenced not only by the characteristics of their fillers but also by the chemical structure of the matrix phase. 26 The resin matrix most common used is a blending of aromatic and/or aliphatic dimethacrylate monomers with high molecular weight (MW) such as Bis-GMA (512 g/mol) and UDMA (470 g/mol). 26, 27 Bis-GMA, which is the most used methacrylate monomer, has a rigid aromatic structure. This structure provides disadvantages such as very high viscosity, owing to hydrogen bondings between the hydroxyl groups, which provided a low final DC and limited the incorporation of inorganic fillers. 28, 29 UDMA, which present an aliphatic structure, has two amine groups (-NH-), form intermolecular hydrogen bonds, increasing its viscosity. This monomer increases the final conversion degree. 28 The incorporattion of TEGDMA, which has a favorable stereochemistry and low MW (286 g/mol), 26, 27 improve the viscosity, reactivity and the final DC of the matrix phase. 26, 29 However, this monomer increases water sorption. Another monomer used is Bis-EMA, with higher MW (540 g/mol), 26, 27 but without the strong secondary molecular interactions given by hydroxyl groups, which reduces its viscosity and allows high degree of conversion.
When exposed to oral fluids, the matrix phase might absorb water and suffer hydrolytic breakdown of the filler bonding agent with consequent leaching of unreacted monomers. 26, 27 All these factors cause material degradation. Two major models have been developed to describe water uptake into polimer matrix. The "interaction theory" and the "free volume theory" (hole-free volume). In the former, water diffuses and attaches to polymer chains via hydrogen bonds (bond water). 30 The latter assumes that water penetrates into nanopores, without any chemical interaction with polymer chain (unbond water) and depends on the macromolecular packing density. 30 The quantity of sorbed water depends on the available equilibrium hole-free volume, the physicochemical affinity of network polymer groups to water, and the resistance of polymer chains to a swelling deformation stress. This could be the reason that exists color differences in RC after immersion in water (Table 4) .
Water sorption (WS) and solubility (S) are two important properties of RC. According to ISO 4049 standard for resin-based composites, WS 40 mg/mm 3 and S 7.5 mg/mm 3 must be required. 31 When WS and S of common monomers used in dental resins were evaluated, the former increases in the following order Bis-EMA (20.10 mg/mm . 26 Color differences were directly correlated with WS (R 2 5 0.97; P .05) and S (R 2 5 0.94; P .05), which is correlated with the base monomer formulation. 32 Both composites evaluated in this study have BisGMA and UDMA, but manufacturers do not provide the exact percentage (Table 1 ). In addition, composite FZ has Bis-EMA, PEGDMA, and TEGDMA and composite ED has TCDD in their compositions. The structure of the base monomer influenced the water sorption, solubility, degree of conversion, and color stability. 32 Thus, differences in monomer composition might influence on the staining of the RC tested. Composite FZ showed higher color stability after immersion in different beverages and apparently lower water sorption than ED (Table 4 ). This finding was probably for the higher filler content of FZ and the lower content and different structure of the organic matrix resin ( Table 1 ).
The color of RC is not only provided by the characteristics of filler particles or organic matrix, but also directly depend on the amount and type of photoinitiator and pigments (oxides) used by manufacturers.
Light-activated RC commonly use camphorquinone (CQ)/amine as their photoinitiator system, which can significantly affect the initial color appearance of the material. 24, 33, 34 A previous study 24 showed differences in color stability for different composites. However, the LCU used for light activation did not represent differences as long as the same energy was delivered to the samples. The findings of the present study suggest that the use of a high irradiance LCU might provide whiter restorations (lower C* and greater L* and WI D values) ( Table 3 ). This fact can be related to higher degree of conversion of RC. Variables such as inorganic filler loading (type, size and percentage), resin matrix composition and type and concentration of photoinitiator can affect the degree of conversion of RC. 35 The DC of resin-based composites is a major factor influencing their bulk physical properties and it depends on the chemical network structure of the monomers and the polymerization conditions such as ambient temperature, light intensity and photoinitiator concentration.
The higher the conversion of double bonds, the greater the mechanical strength. DC of common monomers used in dental resins, which was measured using FTIR, increases in the following order Bis-GMA (39.0%) < Bis-EMA (52.2%) < UDMA (69.6%) < TEGDMA (75.7%). 28 Thus, the choice of monomers and curing condition both have the potential to affect the final degree of conversion. 36 The present study shows a higher color stability of a nanofilled composite, which was light activated with a high irradiance LCU, when it was submerged in WT, OJ, and RW. alteration because color perception has a direct relation with scattering. 2 That means that the interface between the organic matrix and filler particles is the most sensitive region to suffer hydrolytic degradation through water sorption. 37 Therefore, the light scattering through the interface might suffer more interference in wider particles. 2 The positive results obtained in composites light activated with higher irradiances might be explained by the composite higher DC, which leads to lower water uptake and absorption. In general, increased resin water absorption is associated with increased staining potential, as it absorbs also water-soluble coloring agents. 38, 39 Besides some positive effects of the nanofilled composite light activated with a high irradiance LCU (for T 0 ), all groups immersed in beverages (with the exception of water) showed color difference above the acceptability threshold (DE 00 5 1.77). In addition, they did not show differences in L* and C* values. Moreover, the composite type and light irradiance did not present significant differences in regard to DE 00 values after immersed in BT and CF. Therefore, the hypotheses of this study are partially accepted.
Characteristics about the beverages might explain the CIEDE2000
color difference values in composites. The immersion in WT (from 1.3 to 2.0) is responsible to provide water uptake, as already mentioned.
The immersion in OJ (from 4.2 to 6.8) has an additional negative effect on the composites due to the presence of pigments and lower pH than water. RW (from 5.4 to 17.3) has two negative effects, its acidity and the change of the pigments during aging, which have a significant influence on the extent of discoloration during storage. 7, 40 In addition, ethanol is able to degrade the organic matrix, which would contribute to the greater staining potential of RW. 39 The immersion in BT (from 15.6 to 17.9) and CF (from 13.0 to 15.9) produce water absorption and color degradation, due to the presence of pigments. Besides, these beverages are consumed at hot temperatures (658C-808C), which might also contribute to the surface degradation of the polymeric matrix. Indeed, both beverages contain yellow colorants, which have different polarities. There is a discoloration originated by both absorption and adsorption of polar pigments onto the surface of materials. This adsorption and penetration of colorants into the organic phase of the materials were explained as probably due to compatibility of the polymer phase with the yellow colorants. 41 This might explain the greater influence of these beverages on color alteration and seemed to be more influent than the composite type and light irradiance. The findings of the present study are also in agreement with previous studies. 4, 38 Those studies showed that resinbased composites immersed in tea, coffee and red wine caused significant composite discoloration with color differences above acceptability threshold. These values were considered visually perceptible as well as clinically unacceptable.
One of the limitations of this study could be the immersion time,
which was based on a previous study for coffee consumption. 4 The present study used this time for all beverages to standardize this variable. Another limitation could be that brushing was not performed and it would reduce the staining. However, all groups had the same treatment. Thus, this variable was also standardized. Moreover, considering a clinical condition, not only a single beverage would provide staining of the composites but also the combination of beverages as well as food pigments. 
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